Abstract-In this paper, the solder joint brittleness of plastic ball grid array (PBGA) assemblies has been studied by means of impact testing. The results show that the maximum impact force and the impact energy for PBGA assemblies reflowed in nitrogen ambient is higher than for those reflowed in compressed air. Reduction of the oxygen content from 1000 ppm to 50 ppm, reduces the initiation energy of impact. The impact fractured surfaces occur between the printed circuit board (PCB) pads and solder joints, i.e., in the brittle intermetallics region. The pores and impurities are mainly distributed within a ring at perimeter of the interface, with greater density at the edges than at the center. Reflow in a nitrogen ambient reduces the defect density, with reduction in oxygen content farther reducing the density. Impact cracks begin from the defects of the Cu/solder interface, and propagate along the intermetallics.
I. INTRODUCTION
A S THE trend toward higher input/output, higher performance, and higher board manufacturing yield continues, ball grid array (BGA) becomes the package of choice. BGA technology offers many advantages over fine pitch technology. These include better assembly yield, superior electrical performance, and higher input/output (I/O) density. The solder joint reliability of the most common BGA [i.e., ceramic ball grid array (CBGA), plastic ball grid array (PBGA), DBGA, and TBGA] assemblies with respect to thermal, mechanical, and vibrational stress has been discussed in many papers in recently years [1] - [3] . But few papers deal with the dynamic properties at high deformation velocity.
Nitrogen-atmosphere soldering has earned a reputation in recent years for improving first-pass yields, but market penetration has depended on economics and whether the cost of the operation is recovered from process benefits. This in turn depends on flow rates, hours of operation and unit atmosphere cost [4] . Various manufacturers of electronic assemblies have reported different preferences for the optimum oxygen concentration for their processes. Some think the lower the better, some insist on a specific number, and others are unsure if air is actually inferior. In this paper, by means of instrumented impact test, scanning electron microscope (SEM) and other techniques, the brittleness of PBGA solder joints reflowed in nitrogen ambient and compressed air are discussed.
II. SPECIMEN PREPARATION AND EXPERIMENTAL PROCEDURE

A. BGA Components and Test Boards (PCB)
Bare boards and components were obtained from Topline. Only one type of plastic ball grid array (PBGA) component (BGA225T1.5-DC15) was utilized in the tests. The dimension of the 225-pin PBGA's is 27 mm on a side. The BT (bismaleimide triazine) substrate thickness is 0.5 mm. The solder ball volume is 0.23 mm and composition is 63 wt%Sn/37 wt%Pb. The solder pad pitch is 1.5 mm.
The printed circuit boards (PCB's) used in this investigation were standard 1.6 mm thick FR-4 epoxy/glass boards fabricated in two-layers, with a base copper (Cu) thickness of 0.043 mm. The pad diameter is 0.635 mm pretinned with 63 wt%Sn/37 wt%Pb. The test board dimensions are 80 mm by 30 mm by 1.6 mm. In all tests there was only one PBGA at center of the test board.
B. Soldering Process
A five-zone reflow (BTU VIP-70N) gas forced convection oven was used to reflow the test boards under an inert or compressed air environment. For reflow the oxygen content was set to be either 50 ppm, 200 ppm, 500 ppm, or 1000 ppm in the fifth zone. Before reflow, the no-clean flux paste (#66-80 333E71) was painted on the PCB then the PBGA component was placed by a BGA placer. In order to determine the temperature reflow profile, PCB's loaded with a BGA component and instrumented with K type thermocouples were used. One thermocouple was placed at the center of the component and another at the edge. Using wireless profilers (RF M.O.L.E.), the real time temperature profiles were recorded by a PC in real time. A measured reflow profile is shown in Fig. 1 . The time above liquidus (50-90 s) was optimized to maintain a small temperature gradient across the joints in one array and from part to part, and the maximum temperature is controlled under 220 C to ensure proper reflow.
C. Nitrogen Sources
Knowing the soldering atmosphere requirement helps to determine the most economical nitrogen supply scheme. Nitrogen can be supplied from storage (generally as liquid) or by production on-site with nitrogen generators. Both approaches can supply nitrogen at greater than 99.995% purity ( 50 ppm oxygen as the main impurity). The choice is based partly on technical grounds, such as the required nitrogen purity and flow rate, and very strongly on economic factors, such as the hours per month of usage, local price and availability of liquid nitrogen. In recent years, the range of options for supply has 1531-3323/00$10.00 © 2000 IEEE widened. In our center, we use liquid nitrogen stored in a 100 L can, of purity 99.998% (or 20 ppm oxygen as the main impurity). By means of a heat exchanger, the liquid nitrogen is evaporated and heated. The temperature of the nitrogen outlet is maintained at 25 C, the temperature of the compressed air. By use of an oxygen analyzer (Delta-F), the oxygen content may be measured and controlled from 50-1000 ppm by adjustment of nitrogen flow valve.
D. Static Bending Test and Dynamic Bending Test
An INSTRON mini 44 stress testing machine was used to find the static bending resistibility of the PBGA assemblies, and a CEAST instrumented impact testing rig was used to find the dynamic bending resistibility of the PBGA assemblies. Static and dynamic bending test have same base frame. Fig. 2 shows the three point bending test setup. The span of the base frame is 40 mm. The load is applied at the center of the test board with a crosshead speed of 2 mm/min for the static bending test and 3.45 m/s for the dynamic bending test.
In recent years, considerable attention has been given to instrumenting the impact hammer in the Charpy machine pendulum so as to provide more information about the load-time history of the sample during the test. A typical load-time trace of PBGA's three bend impact from such a test is shown in Fig. 3 . A curve of this type can provide information concerning the general yield load, maximum and fracture loads, and time to the onset of brittle fracture. To determine the fracture energy of the sample requires integration of a load-displacement record. However, it is possible to calculate the fracture energy from a load-time curve if the pendulum velocity is known. The fracture energy assuming this velocity to be constant throughout the test is given by where initial pendulum velocity; instantaneous load; time. In reality, the assumption of a constant pendulum velocity is not valid. Instead, decreases in proportion to the instantaneous load on the sample. And we find that with where is total fracture energy and is initial pendulum energy [5] . The ability to obtain such information along with data relating to yielding, maximum, and fracture loads has enabled us to more clearly identify the various stages in the fracture process.
A typical load-deflection curve of static bending test is shown in Fig. 4 . By measuring the resistance of the solder ball joint we can find if the joint has cracked. The results shows that the solder joints broke on both edges of the PBGA in the longer direction of the test board and the point of maximum force on the curve is the force that corresponds to the first breaking of a solder joint. The failure mode is solder cracking near the bottom surface of the PBGA. Fig. 5 shows the maximum force of static bending test variation with oxygen content. It was shown that, the difference in maximum force for reflow in nitrogen ambient and compressed air is insignificant. The curves and dependences of static bending and impact test are very similar. For impact test, the maximum force corresponds to the solder joints cracking at the edge. Fig. 5 also shows the maximum force in the impact tests variation with oxygen content. It can be seen that the solder joint breaking force for reflowing in nitrogen are higher than that in compressed air, but there is little difference among the nitrogen reflow data points. Fig. 6 is shows the dependence of initiation energy and propagation energy on oxygen content. With reduction in oxygen content, and also increase. Thus it can be seen, the air is actually inferior. Though the static test results could not decide what content of oxygen is better, the dynamic test results shown that the lower the oxygen content, the better the dynamic properties of mechanics. Fig. 7 is a scanning electron micrograph of crack of state bending test specimens surfaces. Fig. 8(a) and (b) are that of impact test specimens surfaces. The specimen of Fig. 8(a) is reflowed in compressed air, and the specimen of Fig. 8(b) is reflowed in with oxygen content 500 ppm. All of the fractured surfaces occur between the PCB pad and the solder joint. That region is the Cu-Sn intermetallic compounds.
III. RESULTS AND DISCUSSION
A. Effect of Oxygen Content
B. The Fractography Characteristic
Fracture along a solder joint interface may occur in different ways for different deformation velocity. For low deformation velocity, fracture may occur by void formation and growth in the metal but ahead of the crack tip (Fig. 7) . The fracture surfaces from ductile interface fracture appear similar to fracture surfaces from homogeneous ductile metals; dimples from cup and cone features (Fig. 9) are indicative that fracture has occurred by void nucleation and growth.
For high deformation velocity, a solder joint fracture is in a brittle manner. The cracks propagated along the thin intermetallics layers. The type was typically a cleavage fracture as shown in Fig. 8(a) and (b) . Void growth occurs ahead of the crack tip accompanied by brittle debonding.
As shown in Fig. 8(a) and (b), the samples have different defect types and defect numbers, indicating a nitrogen ambient reduces the density of defects at the interface of the Cu/solder ball over compressed air.
Ball grid array packages either have high melt Pb/Sn(90/10) or eutectic Sn/Pb(63/37) solder balls as the interconnecting medium. Most plastic BGA's have eutectic solder balls reflowed with flux paste, While ceramic BGA's have high melt balls with solder paste. In the process of reflow, the eutectic ball are melt and soldered with Cu pad. When the temperature reached and exceeded eutectic point, the solder ball will melt and overspread from a point to the whole pad by surface tension. So the impurities and the pores are mostly at the edge area. These defects become the sources of the impact crack and decrease the resistance of initiation impact. Fig. 10 demonstrates that there are pores and impurities at the fracture surface. The defects in Fig. 8(a) been found only in the upper region of the fracture surface, this is the region of the impact crack initiation. Why are they not evenly distributed or located within a ring at the perimeter of the interface? Because these defects do not effect on the propagation energy corresponded to fracture toughness. The fracture toughness of brittle intermetallic compounds are the lowest. So the crack will spread along the IMC rather than others.
Measurement of the area of the pores by a Laser micro-measurement system, allows as calculate the ratio of the total area of pores to the whole fracture surface area. Fig. 11 shows the variation of this ratio with oxygen concentration. It may be seen that there are fewer defects in solder joints reflowed in a nitrogen environment than those reflowed in compressed air, and that lower oxygen content leads to fewer defects.
IV. CONCLUSION
Interface of solder joint have been shown to play a significant role in joint integrity and reliability in electronic packages. Using instrumented impact test technique, the variations of impact force with time, initiation energy, and propagation energy with oxygen content have been obtained. We have get the following conclusions.
1) The maximum impact force and the impact energy for PBGA assemblies reflowed in a nitrogen ambient are higher than for those reflowed in compressed air. 2) Reduction of the oxygen content in the nitrogen ambient from 1000 ppm to 50 ppm, also reduces the initiation energy of impact. The lower the oxygen content, the better the mechanical properties of solder joints.
3) The impact fracture surfaces occur between the PCB pad and solder joint, that is in the brittle intermetallics region. Impact cracks begin from defects at the Cu/solder interface, and propagate along the intermetallics surface. 4) The pores and inclusions are mainly distributed within the a ring at perimeter of the interface, with greater density at the edges than at the center. Reflow in a nitrogen ambient reduces the defect density, with reduction in oxygen content farther reducing the density.
